Electronic and vibrational properties of nickel sulfides from first principles by Wang, Jeng-Han et al.
Electronic and vibrational properties of nickel sulfides from first principles
Jeng-Han Wang, Zhe Cheng, Jean-Luc Brédas, and Meilin Liu 
 
Citation: J. Chem. Phys. 127, 214705 (2007); doi: 10.1063/1.2801985 
View online: http://dx.doi.org/10.1063/1.2801985 
View Table of Contents: http://jcp.aip.org/resource/1/JCPSA6/v127/i21 
Published by the American Institute of Physics. 
 
Additional information on J. Chem. Phys.
Journal Homepage: http://jcp.aip.org/ 
Journal Information: http://jcp.aip.org/about/about_the_journal 
Top downloads: http://jcp.aip.org/features/most_downloaded 
Information for Authors: http://jcp.aip.org/authors 
Downloaded 03 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
Electronic and vibrational properties of nickel sulfides from first principles
Jeng-Han Wang
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332-0245, USA and School of Chemistry and Biochemistry, Georgia Institute
of Technology, Atlanta, Georgia 30332-0400, USA
Zhe Cheng
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332-0245, USA
Jean-Luc Brédasa,b
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta,
Georgia 30332-0400, USA
Meilin Liua,c
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332-0245, USA
Received 6 July 2007; accepted 2 October 2007; published online 6 December 2007
We report the results of first-principles calculations generalized gradient approximation–Perdew
Wang 1991 on the electronic and vibrational properties of several nickel sulfides that are observed
on Ni-based anodes in solid oxide fuel cells SOFCs upon exposure to H2S contaminated fuels:
heazlewoodite Ni3S2, millerite NiS, polydymite Ni3S4, and pyrite NiS2. The optimized lattice
parameters of these sulfides are within 1% of the values determined from x-ray diffraction. The
electronic structure analysis indicates that all Ni–S bonds are strongly covalent. Furthermore, it is
found that the nickel d orbitals shift downward in energy, whereas the sulfur p orbitals shift upward
with increasing sulfur content; this is consistent with the decrease in conductivity and catalytic
activity of sulfur-contaminated Ni-based electrodes or degradation in SOFC performance. In
addition, we systematically analyze the classifications of the vibrational modes at the  point from
the crystal symmetry and calculate the corresponding vibrational frequencies from the optimized
lattice constants. This information is vital to the identification with in situ vibrational spectroscopy
of the nickel sulfides formed on Ni-based electrodes under the conditions for SOFC operation.
Finally, the effect of thermal expansion on frequency calculations for the Ni3S2 system is also briefly
examined. © 2007 American Institute of Physics. DOI: 10.1063/1.2801985
I. INTRODUCTION
Nickel has been widely used as the anode for solid oxide
fuel cells SOFCs because of its excellent catalytic ability
for hydrogen oxidation, good electronic conductivity, and
low cost. Upon exposure to sulfur-contaminated fuels, how-
ever, the performance of a Ni-based anode degrades rapidly,
due likely to the adsorption of sulfur and/or formation of
sulfides on Ni surfaces.1–7 Nickel sulfide compounds present
several stoichiometries, which are stable under different ther-
modynamic conditions; in addition, in the presence of O2,
the sulfur atoms can be quickly replaced by O atoms to form
nickel oxide. Thus, nickel sulfides display a complex behav-
ior and more detailed and systematic studies are required to
understand their properties.
Experimental work8–19 has shown that four nickel sul-
fides have relatively higher stability than other forms, includ-
ing heazlewoodite Ni3S2, millerite NiS, polydymite Ni3S4,
and pyrite NiS2 from nickel rich to sulfur rich. The struc-
tures of these sulfides have been thoroughly examined with
x-ray diffraction XRD: Ni3S2 has a stable rhombohedral
structure,8–10 NiS a hexagonal structure,11–13 and Ni3S4
Refs. 14–17 and NiS2 cubic structures.
14,17–19 However, the
vibrational spectra of the Ni-rich sulfides have not yet been
clearly identified. Ni3S2, prepared from the impregnated thio-
salt decomposition method and identified from the XRD pat-
tern, shows no Raman active lines upon excitation at
514.5 nm from an Ar-ion laser.20 In contrast, Bishop et al.21
examined standard Ni3S2 supplied from Aldrich and found
ten Raman peaks in the range of 140–438 cm−1 with a simi-
lar spectroscopic setup. In the NiS case, Shen et al.22 ob-
served five Raman peaks below 400 cm−1 in synthesized NiS
nanorods. However, Bishop et al.21 distinguished eight Ra-
man peaks in the same range with a highly purified NiS
powder from Johnson Matthey GmbH. The Raman spectra
of the S-rich compounds of Ni3S4 and NiS2 have been re-
ported in a more consistent way in previous studies.21,23–27
The interpretation of the Raman spectra thus requires a more
detailed characterization of the vibrational properties of these
compounds; this is important in order to directly identify
nickel sulfides on the Ni-based anode surface under SOFC
operating conditions using in situ Raman spectroscopy,
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which is vital to a fundamental understanding of the
S-poisoning mechanisms.
The crystal structures and electronic band structures of
the nickel sulfides have been widely studied by first-
principles calculations.15,28–34 The crystal structures are
found to be accurately predicted from the calculations. The
results of electronic and band structure calculations indicate
that the Ni–S bonds in NiS and NiS2 correspond to the in-
teraction between sulfur p and nickel d orbitals and that the
3d metal sulfides of nickel have lower metal-sulfur bond
strengths than the 4d metal sulfides, such as NbS, NbS2,
MoS2, PdS, or RuS2.
29 This weaker bond strength is respon-
sible for the poorer catalytic activity of nickel sulfides, ac-
cording to the interpretation of Norskov et al.35 Furthermore,
the variation in catalytic activities can also be understood
from the band structure results28,33,34 of Ni3S2 and NiS.
In the present work, the bulk properties of several im-
portant nickel sulfides have been systematically studied by
first-principles calculations. Our goal is to better understand
the impact of nickel sulfide formation on the irreversible
sulfur poisoning in SOFCs. In addition, the crystal phonon
modes of the sulfides have been characterized in terms of
both symmetries and frequencies. Our results provide useful
information for future nickel sulfide related research as they
can be applied to identify the vibrational peaks and the na-
ture of nickel sulfides via spectroscopic experiments.
II. COMPUTATIONAL METHODOLOGY
The calculations have been carried out with the Vienna
ab initio simulation package36–38 VASP at the density func-
tional theory DFT level with 3D periodic conditions.
A. Electronic structure calculations
We use the generalized gradient approximation39 GGA
with the Perdew-Wang 1991 PW91 exchange-correlation
functional40 for the electronic structure calculations. The
Kohn-Sham equations are solved on the basis of plane waves
with kinetic energy below the chosen cutoff energy, 400 eV,
and nonlocal optimized ultrasoft pseudopotentials. The
Brillouin-zone BZ integration is sampled at about 0.05
21 /Å intervals in reciprocal space by the Monkhorst-
Pack scheme.41 Higher k-point values with smaller BZ sam-
pling intervals, 0.0421 /Å, are set to examine the
convergence of current calculations. For example, lattice
constants of NiS2 of the k points as 444 and 555
along the 100 010 001 directions in the supercell
with four NiS2 units have rather small difference,
0.01 Å. The cutoff energy and k points are determined so
as to ensure convergence of the whole system and the effi-
ciency of the computational procedure.
The crystal structures of the interest nickel sulfides,
Ni3S2, NiS, Ni3S4, and NiS2, are initially optimized and
compared with XRD observations to validate the computa-
tional methodology. Based on the optimized structure,
the charge distribution can be obtained by Bader charge
analysis.42–44 We note that in spite of some numerical differ-
ences between this and other charge analyses e.g., the
Mulliken charge analysis, these charge analyses provide
qualitatively similar results. The atom-projected density of
states DOS calculations for the sulfur p and nickel d orbit-
als are performed with Wigner-Seitz radii of RNi
=1.286 Å and RS=1.164 Å.
B. Vibrational analysis
The crystal phonons are computed from the optimized
geometries by applying the finite displacement approach.45,46
The interatomic force-constant matrix Hessian matrix is de-
rived from a set of calculations on a periodically repeated
supercell that contains several unit cells. At the starting
point, all atoms are placed at the equilibrium position. Then
each atom is slightly displaced and the forces on all atoms
are calculated. These computed forces are proportional to the
interatomic force constant times the displacement. By con-
sidering all symmetry-inequivalent displacements, the full
Hessian matrix can be obtained. The Hessian matrix is trun-
cated due to the finite size of the supercell; however, it rap-
idly decays to zero with increasing interatomic separations.
The frequencies as a function of the normal modes are ob-
tained via matrix diagonalization and are computed at the 
point of the Brillouin zone in order to allow comparison with
the spectroscopic data.
III. RESULTS AND DISCUSSION
A. Bulk properties of nickel sulfides
The crystal structures of Ni3S2, NiS, Ni3S4, and NiS2 are
illustrated in Fig. 1. In Fig. 1a, heazlewoodite Ni3S2 has a
rhombohedral nearly cubic structure, where S atoms form a
FIG. 1. Color online Crystal structures of Ni3S2, NiS, Ni3S4, and NiS2
from different perspectives. Blue and yellow balls are represented as Ni and
S atoms, respectively.
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slightly distorted body-centered cubic array with Ni atoms
occupying the distorted tetrahedral interstices a series of tri-
angular bipyramids with three Ni atoms forming the triangle
and two S atoms at the apex positions. In Fig. 1b, millerite
NiS has a hexagonal structure, where three Ni atoms form a
triangle and five S atoms locate in the corners of a square
pyramid. In Fig. 1c, polydymite Ni3S4 has two types of Ni
atoms and one type of S atoms, NiINi2
IIS4, in a cubic struc-
ture. The NiI atom occupies 1 /8 of the tetrahedral site, the
two NiII atoms occupy half of the octahedral sites, which
present a trigonal distortion along the 111 direction, and the
four S atoms are on an approximate close-packed face-
centered-cubic lattice. In Fig. 1d, pyrite NiS2 has a cubic
structure, where the Ni atoms occupy the sites in the face-
centered-cubic sublattice. The centers of the sulfur dimers
oriented along the 111 direction in the cubic cell locate
midway between the cubic edges and body center.
The crystal parameters, internal atomic distances, and
angles of Ni3S2, NiS, Ni3S4, and NiS2 are optimized and
compared to the results of previous XRD works,8–19 as listed
in Table I. The agreement between the optimized lattice pa-
rameters and the experimental data is within 1%, the typical
deviation of the GGA-PW91 method. We can thus be confi-
dent that our computational methodology is reliable to de-
scribe nickel sulfides. We now turn to a discussion of the
Bader charge analyses and of the DOS calculations.
Listed in Table II is the Bader charge analyses of the
nickel sulfides based on the optimized crystal structures. The
Bader charges of Ni become more positive and those of S
become less negative in sulfur-richer compounds; their range
TABLE I. The crystal parameters, internal atomic distances, and angles of Ni3S2, NiS, Ni3S4, and NiS2 in the
units of Å and deg.
Ni3S2 healzlewoodite, R32
a
Computational results Experimental results
a , 4.09, 89.4 4.08, 89.5;b 4.07, 89.5;c 4.06, 89.6d
Ni–S 2.26, 2.29 2.27, 2.27;b 2.25, 2.29d
Ni–Ni 2.51, 2.55 2.52, 2.52;b 2.50, 2.53d
S–S 3.55, 4.09 3.50, 4.08;b 3.51, 4.07d
S–Ni–S 100.7, 127.7 100.7, 127.8;b 100.8, 127.3d
Ni–Ni–Ni 60.0, 98.9, 108.0, 149.0 60.0, 99.2, 108.6, 147.9;b 60.0, 99.0, 108.1, 148.7d
Ni–S–Ni 114.9, 127.7 112.6, 127.8;b 114.5, 127.3d
NiS millerite, R3m
a ,c 9.62, 3.15 9.62, 3.15;e 9.59, 3.17;f 9.61, 3.14g
Ni–S 2.26, 2.38 2.26, 2.38;e 2.26, 2.37g
Ni–Ni 2.55 2.53;e 2.53g
S–S 3.22 3.15;e 3.14g
S–Ni–S 85.3, 90.6, 95.8, 111.1 85.4, 91.6, 95.7, 110.6;e 85.4, 91.2, 95.6, 111.8g
Ni–Ni–Ni 60.0 60.0;e 60.0g
Ni3S4 polydymite, Fd3m
a 9.49 9.48;h 9.49;i 9.46;j 9.41k
NiS2 pyrite, Pa3
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for Ni is 0.41–0.62 e and for S is −0.60 to −0.30 e. Com-
pared with the Bader charges of the ionic NiO, Ni=1.22 e
and O=−1.22 e, the Ni–S bonds of these four compounds
are significantly covalent.
Shown in Fig. 2 is the total DOS of Ni3S2, NiS, Ni3S4,
and NiS2 top ones and their partial sulfur p and nickel d
orbitals middle and bottom ones, respectively. The four
nickel sulfides have very similar DOS distributions, in which
nickel d orbitals present a large density below the Fermi
level valence band, while sulfur p orbitals contribute most
above the Fermi level conduction band. This result demon-
strates the covalent interactions in these nickel sulfide com-
pounds and is consistent with the outcome from the Bader
charge analysis. In addition, the DOS of Ni3S2, NiS, and
Ni3S4 are relatively low at the Fermi level. This result indi-
cates that the crystal structures of these compounds are fairly
stable since the stability of metal sulfides or alloys are typi-
cally corresponding to a low DOS at the Fermi level, as
explained in previous works.28,47–50 The computed DOS of
NiS2 shows a metallic behavior with the Femi level within
the nickel d band. This band structure is similar to other
pyrite-type sulfides of CoS2 and ZnS2 with high filling d
band metals.34,51
As can be seen from the comparison of DOS for the four
nickel sulfides shown in Fig. 3, the nickel d-band centers
become more negative down shifting away from the Fermi
level, whereas the sulfur p-band centers become more posi-
tive up shifting away from Fermi level as the ratio of S to
Ni increases. Because of the band gaps between nickel d
band and sulfur p band, nickel sulfides are less conductive
than pure Ni. Further, the down shifting of the d band centers
of the nickel sulfides increases the reaction barriers to H2
oxidization, leading to diminished catalytic activity toward
fuel oxidation.52 Thus, the degradation in performance of a
Ni-based anode in a SOFC upon exposure to a
FIG. 2. DOS analysis for a Ni3S2, b NiS, c Ni3S4, and d NiS2. The total and partial DOS of sulfur p and nickel d orbitals are shown in the top, middle,
and bottom figures, respectively. The solid and dashed lines in Nid of Ni3S4 represent the two types of NiI and NiII atoms, respectively.
FIG. 3. Color online Comparison of the partial DOS for the a nickel d orbitals and b sulfur p orbitals.
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S-contaminated fuel is attributed to lower conductivity and
poorer catalytic activity of the nickel sulfides than those of
pure Ni.
B. Crystal vibrations at the  point
The -point vibrational frequencies of the nickel sulfides
have been calculated from the optimized crystal structures.
The vibrational modes are classified as IR active, Raman
active, or silent based on their crystal symmetries.53 The
classifications of the Ni3S2, NiS, Ni3S4, and NiS2 crystal
vibrations at the  point are summarized in Table III. The
vibrational mode analysis from the crystal structures Figs.
4–7 provides more detailed information about the crystal
phonons. According to the classifications in Table III and the
symmetries of the vibrational modes in Figs. 4–7, the com-
puted Raman frequencies are assigned and compared with
the Raman spectroscopic data as summarized in Table IV.
These results are important to identify various nickel sulfides
in spectroscopic experiments.
The heazlewoodite Ni3S2 crystal space group: R32
consists of one formula unit, Ni3S2, in the unit cell and has
15-dimensional representations. The phonon modes at the 
point can be classified according to symmetry as
Ni3S2 = 2A1 + 3A2 + 5E .
From the selection rules, the three translational modes A2
+E are silent; six modes are Raman active, 2A1+4E and six
modes are IR active, 2A2+4E. The six Raman-active modes
in the primitive cell are shown in Fig. 4 together with their
symmetry and frequencies. Our computational results are
very useful to clarify the disagreement between the previous
experimental observations20,21 and helpful to identify the
spectrum in our in situ sulfur-poisoning experiments.27 The
differences between calculated and observed frequencies are
smaller than 20 cm−1.
In the NiS crystal space group: R3m, the unit cell has
three formula units, NiS3 and generates 18-dimensional
representations at the  point.
NiS = 4A1 + 2A2 + 6E .
From the selection rules, A1+E correspond to the transla-
tions; the two A2 modes are neither IR nor Raman active
modes and the other modes 3A1 and 5E are both IR and
Raman modes. The vibrational frequencies and modes of
these eight IR and Raman active modes are shown in Fig. 5.
TABLE III. The classification of Ni3S2, NiS, Ni3S4, and NiS2 crystal vibrations at the  point.
Ni3S2 NiS Ni3S4 NiS2
Formula units 1 3 2 4
Dimension representations 15 18 42 36




Raman active modes 2A1+4E 3A1+5E A1g+Eg+3F2g Ag+Eg+3Fg
IR active modes 2A2+4E 3A1+5E 4F1u Fu
Translations A2+E A1+E F1u Fu
FIG. 4. Color online Ni3S2: vibrational mode analysis and related frequen-
cies cm−1 of the primitive cell. Blue and yellow balls represent Ni and S
atoms, respectively.
FIG. 5. Color online NiS: vibrational mode analysis and related frequen-
cies cm−1 of the primitive cell. Blue and yellow balls represent Ni and S
atoms, respectively.
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The computed vibrational frequencies also clarify the differ-
ence in the previous experiments21–23 and present good
agreement with the our spectroscopic results.27 In addition,
the A13 and E2 modes are too close to be distinguished in
the Raman spectra but can be well separated in the calcula-
tions.
In the polydymite Ni3S4 crystal space group: Fd3m,
the unit cell has two formula units, Ni3S42 and results in
total of 42-dimensional representations at the  point. The
irreducible representations can be expressed as
Ni3S4 = A1g + Eg + T1g + 3T2g + 2A2u + 2Eu + 5F1u
+ 2F2u.
From the selection rules, one of the ungerade 2F2u modes is
related to the translations, four of the ungerade 5F1u modes
correspond to the IR-active modes, and the gerade symme-
tries of A1g, Eg, and 3T2g are attributed to the Raman-active
modes. The five Raman modes of the primitive cell are rep-
resented in Fig. 6 shown from 111 perspective. The com-
puted vibrational frequencies show good agreement with
experiments.23,27
Finally, the Pa3 unit cell of NiS2 crystal has four for-
mula units, NiS24 with 36-dimensional representations at
the  point. The irreducible representations can be given as
NiS2 = Ag + Eg + 3Fg + 2Au + 2Eu + 6Fu.
From the selection rules, the three translational modes corre-
spond to one of the Fu modes, the three IR active modes are
related to ungerade Fu, and the five Raman active modes are
found in gerade Ag+Eg+3Fg. The five Raman active modes
and computed vibrational frequencies of the primitive cell of
NiS2 are represented in Fig. 7. The main difference between
the computational and experimental works is the missing
Tg2 mode in the Raman spectrum.
24–26 This difference
could come from the coupling between the rotational and
stretching vibrations of the S2 dimer, as described for some
other pyrite metal sulfides.24,54,55 Each S2 dimer itself has
two degenerate rotational modes and one stretching mode.
When the S2 dimers occupy the four equivalent sites of the
Pa3 structure, the stretching mode splits into Ag1 and Tg1
modes, and the two rotational modes split into Eg1, Tg2,
and Tg3 modes. In the case of a weak rotation-stretching
coupling large frequency difference between Eg1 and
Ag1 modes, the Ag1 mode has a frequency close to Tg1
mode, and Eg1 mode has a frequency close to Tg2 and
Tg3 modes. On the other hand, the Tg2 frequency moves
apart from that of Eg1 when the coupling gets stronger. In
the current study, the computed coupling between Ag1 and
Eg1 is slightly stronger than that in the experimental
observations,24–27 which pushes the Tg2 mode further away
from the Eg1 mode. Therefore, the appearance of a separate
Tg2 peak in the computational study might be the result of
too strong a calculated coupling.
It is noted that the differences between the computed
vibrational frequencies and the values measured with Raman
spectroscopy for the four nickel sulfides are less than 10%,
due probably to the effect of thermal expansion of the lattice
and to the presence of lattice defects. At higher temperatures
e.g., under SOFC operating conditions, lattice expansion
leads to longer bond lengths and lower vibrational frequen-
cies. This effect can be estimated from the experimentally
determined thermal expansion coefficients. For example, the
thermal expansion coefficient of Ni3S2 is given by
10
T = 0 + 7.286  10−5  T
FIG. 6. Color online Ni3S4: vibrational mode analysis and related frequen-
cies cm−1 of the primitive cell. Blue and yellow balls represent Ni and S
atoms, respectively.
FIG. 7. Color online NiS2: vibrational mode analysis and related frequen-
cies cm−1 of the primitive cell. Blue and yellow balls represent Ni and S
atoms, respectively.
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T = 0 + 275.46  T .
We can use this equation to correct the lattice parameters of
0=4.089 Å and 0=89.38 for Raman frequency calcula-
tions at high temperatures, as listed in Table V. The devia-
tions of the computed frequencies at 300, 600, and 900 K
from the experimentally determined values Raman spectra
are reduced to less than 5.5%. Further, various structural and
chemical defects present in the samples used for Raman
measurements may also be partially responsible for the dif-
ference between computational and experimental results. The
effect of lattice defects may influence not only the peak po-
sitions but also the vibrational modes; it is rather compli-
cated and is still under investigation.
IV. CONCLUSIONS
The structural, electronic, and vibrational properties of
several nickel sulfides relevant to sulfur poisoning of Ni-
based anodes in a SOFCs, Ni3S2, NiS, Ni3S4, and NiS2 have
been examined using first-principles calculations. The lattice
parameters of these nickel sulfides optimized at the peri-
odic DFT level with GGA-PW91 method showed good
agreement with XRD results. Analysis of the total and partial
DOS, together with the Bader charges analysis, shows that
Ni–S bonds are highly covalent and the down shifting of the
d band centers of the nickel sulfides make sulfur-
contaminated Ni electrodes less active toward hydrogen fuel
oxidation. The vibrational modes and frequencies of the
nickel sulfides at the  point have been systematically com-
puted, which can be used for identification of these sulfide
phases using Raman spectroscopy.
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TABLE IV. Calculated and experimentally observed Raman frequencies cm−1 of Ni3S2, NiS, Ni3S4, and NiS2.
Ni3S2
Modes E1 A11 E2 E3 E4 A12
Calc. 367 367 320 317 316 241 241 204 203 201
Ref. 27 351 324 305 223 201 190
NiS
Modes A11 E1 A12 A13 E2 E3 E4 E5
Calc. 356 341 341 290 277 252 251 231 230 201 201 148 148
Ref. 21 372 350 301 283 246 222 181 142
Ref. 22 369 349 300 283 244 144
Ref. 23 376 355 305 251 239 204 154
Ref. 27 370 349 300 246
Ni3S4
Modes A1g1 T2g1 T2g2 Eg1 T2g3
Calc. 388 339 338 338 284 284 283 208 207 206 206 205
Ref. 23 383 338 288 224 208
Ref. 27 375 335 285 222
NiS2
Modes Tg1 Ag1 Tg2 Eg1 Tg3
Calc. 462 462 461 446 342 341 341 285 285 278 278 277
Ref. 24 490 480 285 274
Ref. 25 488 478 281
Ref. 26 487 480 285 272
TABLE V. Calculated Raman frequencies cm−1 of Ni3S2 before and after thermal expansion correction.
Modes E1 A11 E2 E3 E4 A12
Uncorrected, 0 K 367 367 320 317 316 241 241 204 203 201
300 K 366 366 319 314 314 234 234 204 204 202
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900 K 359 359 320 300 300 222 222 204 204 196
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